At rest, most of left ventricular (LV) filling occurs early in diastole. This LV filling occurs in response to the pressure gradient produced as LV pressure falls below left atrial (LA) pressure. Because mitral valve flow occurs in response to an LA to LV pressure gradient, augmented diastolic mitral valve flow during exercise may be due to an increased mitral valve pressure gradient resulting from a rise in LA pressure and/or a fall in LV early diastolic pressure. Accordingly, we studied 13 conscious dogs, instrumented to measure micromanometer LV and LA pressures, and determined LV volume from three ultrasonic dimensions during exercise. The animals ran on a treadmill for 8-15 minutes at 5-8 miles/hr. With reflexes intact, during exercise, the heart rate increased from 116±20 to 189±24 beats per minute (mean± SD, p <0.01), the maximum rate of change of LV volume (dV/dtmax) increased from 185 ±44 to 282± 76 ml/sec (p <0.01), the ejection fraction and cardiac output increased, and the duration of diastole decreased from 296±83 to 162±71 msec (p<0.01). Mitral valve opening pressure, mean LA pressure (10.9±4.4 versus 10.2±3.9 mm Hg, p=NS), and LV end-diastolic pressure (12.8±4.8 versus 13.1±3.3 mm Hg, p=NS) were all relatively unchanged. The time constant of the fall of isovolumic LV pressure decreased from 28±3.3 to 21±4.4 msec (p<0.05). The early diastolic portion of the LV pressure-volume loop was shifted downward during exercise, with the minimum LV pressure decreasing from 3.3±2.8 to -2.8±3.4 mm Hg (p<0.05) and the maximum mitral valve pressure gradient increasing from 5.5±1.7 to 11.8±3.5 mm Hg (p<0.01). A similar downward shift of the early diastolic portion of the LV pressure-volume loop was produced by infusion of dobutaniine (6 pg/kg/min i.v.) at rest, as well as by exercise when the heart rate was held constant by right ventricular pacing at 190-210 beats per minute. The downward shift during exercise was prevented by f-blockade (metoprolol, 0.5 mg/kg i.v.). We conclude that during exercise, sympathetic stimulation and tachycardia produce a downward shift of the early diastolic portion of the LV pressure-volume loop. This fall in early diastolic LV pressure augments the early diastolic mitral valve gradient without an increase in LA pressure, producing more rapid mitral valve flow in early diastole and maintaining LV filling despite the shortening of diastole during exercise. (Circulation Research 1992;70:9-19) During exercise, left ventricular (LV) stroke volume is maintained or increased while there is a marked increase in heart rate.1-4 Because tachycardia decreases the duration of diastole, there is less time for diastolic filling of the LV. Thus, the mean mitral valve flow rate (and presum-ably peak mitral valve flow) must increase during exercise to maintain or augment the stroke volume.5,6
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At rest, most of left ventricular (LV) filling occurs early in diastole. This LV filling occurs in response to the pressure gradient produced as LV pressure falls below left atrial (LA) pressure. Because mitral valve flow occurs in response to an LA to LV pressure gradient, augmented diastolic mitral valve flow during exercise may be due to an increased mitral valve pressure gradient resulting from a rise in LA pressure and/or a fall in LV early diastolic pressure. Accordingly, we studied 13 conscious dogs, instrumented to measure micromanometer LV and LA pressures, and determined LV volume from three ultrasonic dimensions during exercise. The animals ran on a treadmill for 8-15 minutes at 5-8 miles/hr. With reflexes intact, during exercise, the heart rate increased from 116±20 to 189±24 beats per minute (mean± SD, p <0.01), the maximum rate of change of LV volume (dV/dtmax) increased from 185 ±44 to 282± 76 ml/sec (p <0.01), the ejection fraction and cardiac output increased, and the duration of diastole decreased from 296±83 to 162±71 msec (p<0.01). Mitral valve opening pressure, mean LA pressure (10.9±4.4 versus 10.2±3.9 mm Hg, p=NS), and LV end-diastolic pressure (12.8±4.8 versus 13.1±3.3 mm Hg, p=NS) were all relatively unchanged. The time constant of the fall of isovolumic LV pressure decreased from 28±3.3 to 21±4.4 msec (p<0.05). The early diastolic portion of the LV pressure-volume loop was shifted downward during exercise, with the minimum LV pressure decreasing from 3.3±2.8 to -2.8±3.4 mm Hg (p<0.05) and the maximum mitral valve pressure gradient increasing from 5.5±1.7 to 11.8±3.5 mm Hg (p<0.01). A similar downward shift of the early diastolic portion of the LV pressure-volume loop was produced by infusion of dobutaniine (6 pg/kg/min i.v.) at rest, as well as by exercise when the heart rate was held constant by right ventricular pacing at 190-210 beats per minute. The downward shift during exercise was prevented by f-blockade (metoprolol, 0.5 mg/kg i.v.). We conclude that during exercise, sympathetic stimulation and tachycardia produce a downward shift of the early diastolic portion of the LV pressure-volume loop. This fall in early diastolic LV pressure augments the early diastolic mitral valve gradient without an increase in LA pressure, producing more rapid mitral valve flow in early diastole and maintaining LV filling despite the shortening of diastole during exercise. (Circulation Research 1992;70: [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] During exercise, left ventricular (LV) stroke volume is maintained or increased while there is a marked increase in heart rate.1-4 Because tachycardia decreases the duration of diastole, there is less time for diastolic filling of the LV. Thus, the mean mitral valve flow rate (and presum-ably peak mitral valve flow) must increase during exercise to maintain or augment the stroke volume.5, 6 The mechanism by which rapid diastolic filling of the LV is produced during vigorous exercise has not been determined.
Recent studies demonstrate that the LV fills in response to a pressure gradient from the left atrium (LA) to the LV. [7] [8] [9] [10] [11] [12] This occurs at two stages: early in diastole after mitral valve opening and late in diastole during atrial systole. Normally, most of the filling occurs early in diastole. This early diastolic filling begins when LV pressure falls below LA pressure. At this point, the mitral valve opens and blood flows from the LA into the LV in response to the LA to LV pressure gradient. Studies by Yellin and colleagues,78"1 Choong et al, 9 Courtois et al,10 and in our laboratory12 demonstrate that the rate of LV relaxation and LA pressure at the time of mitral valve opening are important determinants of the pressure gradient that produces rapid early diastolic filling.
Because early diastolic LV filling results from a pressure gradient across the mitral valve, this pressure gradient should increase during exercise to increase the rate of early diastolic mitral valve flow. Most studies suggest that LA pressure does not increase to an abnormal level during exercise.1-4 Thus, we hypothesized that the LA to LV pressure gradient necessary to the rapid flow across the mitral valve during exercise may be generated by a drop in early diastolic LV pressure. This fall in early diastolic LV pressure during exercise might be produced by enhanced LV relaxation and/or elastic recoil from the tachycardia and adrenergic stimulation occurring during exercise. 13 To investigate this issue, we examined the effect of exercise on dogs instrumented to measure LV pressure and volume and LA pressure. In addition, we examined the role of sympathetic stimulation and tachycardia in the response of LV filling to exercise by studying exercise after ,B-adrenergic blockade, exercise with the heart rate held constant, and the effect of increasing the heart rate and adrenergic stimulation at rest.
Materials and Methods Instrumentation
Thirteen healthy, adult, heartworm negative mongrel dogs (weight, 25-32 kg) were successfully instrumented under anesthesia induced with xylazine (1 mg/kg) and sodium thiopental (6 mg/kg) and maintained with halothane (0.5-2%). They were intubated and ventilated with oxygen-enriched room air to maintain arterial oxygen tension greater than 100 mm Hg and pH between 7.38 and 7.42. A sterile, left lateral thoracotomy was performed, and the pericardium was widely opened. Micromanometer pressure transducers (Konigsberg Instruments) and polyvinyl catheters for transducer calibration (1.1 mm i.d.) were inserted into the LV through an apical stab wound and via the appendage into the LA. Three pairs of ultrasonic crystals (5 MHz) were implanted in the endocardium of the LV to measure the anterior-posterior, septal-lateral, and base-apex (long axis) dimensions by using the method previously described from our laboratory.12'1415 Hydraulic occluders were placed around the caval so that loading conditions could be altered for other protocols. A tube with multiple side holes was inserted into the pleural cavity to remove air and fluid from the chest. The wires and tubing were tunneled subcutaneously and brought out through the skin of the neck.
In eight of the animals, a transvenous pacing lead (model 5985, Medtronic Inc., Minneapolis, Minn.) was inserted into the jugular vein under local anesthesia. The lead was advanced to a stable position in the right ventricular apex under fluoroscopic guidance and attached to a multiprogrammable pulse generator (model 5985, DG 2065008H, Medtronic) that was positioned under the skin of the neck.
Data Collection
Studies were performed after full recovery from instrumentation (1 week to 10 days after the original surgery). The LV and LA catheters were connected to pressure transducers (Statham P23Db) calibrated with a mercury manometer. The signal from the micromanometers was adjusted to match that of the catheters. The zero of the LA micromanometer was adjusted so that the LV and LA pressures were equal at the end of long periods of diastasis.1" The transit time of 5 MHz sound between the crystal pairs was determined and converted to distance using a sonomicrometer (Triton, San Diego, Calif.). The derivatives of LV pressure and volume were calculated using the five-point Gaussian method. 16 
Experimental Protocol
Studies during exercise. Data were recorded during 15-second periods, first with the animals lying quietly on their left side in a sling, and subsequently while standing, and then running on a level treadmill (Quinton, Inc., Seattle, Wash.). Initially, the treadmill speed was 2.5 miles/hr. The speed was gradually increased over 1-2 minutes to 5-8 miles/hr. After a total of 8-15 minutes of exercise, data were collected during steady-state submaximal exercise. The treadmill was then stopped, and the animal was allowed to recover.
Effect of dobutamine, /-blockade, and constant heart rate. To assess the roles of /3-adrenergic stimulation and heart rate on LV diastolic filling during exercise, additional studies were performed in the eight chronically instrumented animals who had pacemakers. Measurements were obtained first at rest, while the animals were standing on the treadmill. Then dobutamine (6 ,ug/kg/min i.v.) was infused. After 5 minutes of equilibration, data were collected. In the same eight animals, on a subsequent day, the exercise protocol was repeated after /3-adrenergic blockade (metoprolol, 0.5 mg/kg i.v.). Data were recorded at the same level of exercise as in the original protocol. The adequacy of the ,B-adrenergic blockade was assessed by demonstrating that there were no heart rate changes in response to the infusion of isoproterenol (0.05 mg/kg i.v.). Data were recorded after /8-blockade, with the animals standing at rest and again during exercise.
On a separate day, the effect of heart rate was assessed. Data were collected with the animals standing at rest on the treadmill. Then the heart rate was increased with the pacemaker to the rate (190-210 beats per minute) previously achieved during exercise. Measurements were obtained at rest at the rapid heart rate and during exercise at the same level as in the first protocol, while the heart was paced.
Data processing and analysis. Data were digitized using an on-line analog-to-digital converter (Data Translations Devices) at 200 Hz during each collec-tion period. The LV volume was calculated as a modified general ellipsoid using the equation VLV=(m/6)DApDSLDLA, where VLV is LV volume, DAP is the anterior-posterior LV diameter, DSL is the septal-lateral LV diameter, and DLA is the long axis LV diameter. We have previously demonstrated that this method gives a consistent measure of LV volume (r<0.97, SEE<2 ml) despite changes in LV loading conditions, configurations, and heart rate. 14, [17] [18] [19] To account for respiratory changes in intrathoracic pressure, steady-state measurements were averaged over the 15-second recording period that spanned multiple respiratory cycles.20 End diastole was defined as the relative minimum of LV pressure occurring after the a wave. If this was not clearly apparent, the peak of the R wave of the surface electrocardiogram was used to indicate end diastole. End systole was defined as the upper left corner of the LV pressure-volume loop. The time of mitral valve opening was defined to be when LV pressure fell below LA pressure. LV pressure and volume were measured at end diastole, end systole, mitral valve opening, and minimum LV pressure. LA pressure was measured at the time of mitral valve opening (peak v wave) and at peak a wave (relative maxima of LA pressures before end diastole). The mean LA pressure was also determined.
The time derivative of LV pressure (dP/dt), the maximum diastolic mitral valve gradient (LA pressure-LV pressure), and the maximum rate of change of LV volume (dV/dtm,) were also determined. Stroke volume was calculated as end-diastolic LV volume minus end-systolic volume. To determine the role of the atrial contraction in increasing the maximum rate of LV filling during exercise, the time from maximum mitral valve pressure gradient (PGm,,) to the peak of the a wave was measured and the contribution of atrial contraction to LV filling was approximated as the increase in LV volume during the last one third of diastole expressed as a fraction of the stroke volume.
LV pressure from the time of minimum dP/dt until mitral valve opening was fit to an exponential equation, P=PAexp(-t/T)+PB, where P is LV pressure, t is time, and PA, PB, and T are constants determined by the data. Although the fall of isovolumic pressure is not exactly exponential,8 the time constant (T) derived from the exponential approximation provides an index of the rate of LV relaxation. 21 Statistical analysis. Group data were summarized as mean±SD. Multiple comparisons were made by analysis of variance. When a significant overall effect was present, intergroup comparisons were performed using a Bonferroni correction for multiple comparisons. The level of significance wasp<0.05. Tables 1 and 2 . When the animals were standing on the treadmill, their heart rate was faster than when they were lying quietly in a sling. In addition, the stroke volume, cardiac output, and ejection fraction were all slightly increased after standing.
Compared with standing on the treadmill, the heart rate increased from 116+20 to 189+24 beats per minute during exercise (p<0.01). Because of this increase in heart rate, the duration of diastole fell from 296±83 to 162±71 msec (p<0.01). However, the stroke volume increased despite the decrease in duration of diastole. Exercise caused significant increases in cardiac output (2,046±736 versus 3,381±993 ml/min, p<0.05), ejection fraction, dP/dt,,ma and LV end-systolic pressure. There were no significant changes in LV end-diastolic pressure and end-systolic volume between standing and exercise. However, the end systole shape of the LV was altered somewhat during exercise, as indicated by the significant change in the ratio of the anterior-posterior and septal-lateral diameters at end systole ( Table 2 ).
The exponential time constant of the isovolumic fall of LV pressure, T (28±3.3 versus 21±4.4 msec, p<0.01), and asymptote, PB (-5.7±6.5 versus -17±7.4 mm Hg, p<0.01), were significantly decreased during exercise. LV minimum dP/dt also increased. The minimum LV diastolic pressure decreased (3.3 ±2.8 versus -2.8±3.4 mm Hg, p<0.05). Although the mitral valve opening pressure and mean LA pressure (10.9±4.4 versus 10.2±3.9 mm Hg, p=NS) were relatively unchanged, the maximum mitral valve pressure gradient almost doubled (5.5±1.7 versus 11.8±3.5 mm Hg, p<0.01). dV/dtmax also increased during exercise (185±44 versus 282±76 ml/msec, p<0.01). Left atrial peak a wave pressure tended to slightly increase (13.6±5.5 versus 14.7±4.0 mm Hg,p=NS). While the time from maximum LA-LV pressure gradient to peak a wave was significantly shortened (198±94 versus 93±44 msec, p<0.05), the peak mitral valve pressure gradient occurred before the a wave during exercise in all animals. The contribution of LA contraction to LV filling (last one third filling fraction) decreased during exercise (Table 1 ).
An example of LV pressure-volume loops standing at rest and during exercise are shown in Figure 3 . During exercise, the early diastolic portion of the LV pressure-volume loop was shifted downward, so that LV pressure was lower throughout early and mid diastole during exercise than at rest. This exerciseinduced downward shift of the early diastolic portion of the LV pressure-volume loop was observed in each animal (Figure 4 ). As shown in Table 3 mitral valve pressure gradient, dV/dtma, and downward shift LV diastolic pressure-volume relation as occurred during normal exercise.
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After fl-adrenergic blockade, the exercise-induced tachycardia and increase in systolic LV pressure were reduced (Table 4 ). There were increases in LV
The effect of exercise left atrial pressure (LAP) and minimum left ventricular pressure (LVVP). Note that the increased mitral valve gradient (indicated by arrows) during exercise resulted from a fall in minimum LVP without any change in LAP. LV systolic pressure increased. This effect alone in increased maximum mitral valve pressure might have tended to delay LV relaxation, whereas rom 6.8±2.0 to 11.0±5.4 mm Hg, p<0.05) the net effect of exercise did the opposite. vsed peak mitral valve flow (dV/dtm., from Exercise increases sympathetic tone and produces 229±58 ml/msec, p<0.05) caused by an a marked sinus tachycardia. Our data suggest that mean LA pressure (13.9±2.8 to 18.8±11.2 sympathetic activation during exercise was important -0.05). in producing the downward shift of the early diastolic rdia, induced by right ventricular pacing at portion of the pressure-volume loop since it was aced a leftward and somewhat downward prevented by P-blockade. Furthermore, infusing doe early diastolic portion of the LV pres-butamine at rest mimicked the enhanced rate of ne loop (Table 5, Figure 7 ). There was a isovolumic pressure decay and the downward shift of for minimum LV pressure to fall and the early diastolic portion of the LV pressure-volume mitral valve pressure gradient to increase, loop seen with exercise. ventricle; thus, there was dyssynchrony of ventricular contraction.18This dyssynchrony may have reduced the effect of the rapid heart rate, which might have been more marked if we had paced from the atri-UM. 30 Although the increased heart rate may have contributed to the fall in early diastolic pressure during exercise, we found that when the heart rate was held constant at approximately 200 beats per minute, exercise produced a further fall in LV early diastolic pressure. Thus, we conclude sympathetic stimulatim, independent of the increase in heart rate, contributed to the downward shift of the early diastolic portion of the LV pressure-volume loop during exercise. The decrease in early diastolic LV pressure during exercise may have been aided by the recoil of elastic elements that were compressed during systole. 7, 8, 21, 22 Although LV end-systolic volume decreased during exercise in some animals, this change did not occur in all animals. Therefore, it does not appear that elastic recoil caused by contraction to below the equilibrium volume was responsible for the reduction in early diastolic LV pressure during exercise in our study. However, as shown in Table 2 , there was a change in the endsystolic shape of LV during exercise with the anterior-posterior dimension increasing relative to the septal-lateral dimension. This shape change may have resulted from an enhanced influence of the right ventricle during exercise. It is possible that recoil from this systolic shape change may have contributed to the more rapid fall in LV pressure after aortic valve closure and the lower early diastolic pressures during exercise. Furthermore, during exercise there may have been enhanced restoring forces caused by an augmented inotropic state as previously described by Nikolic et al, 22 Yellin et al,13 and Hori et al. 31 Studies using controlled mitral valve occlusion have demonstrated that filling slows the rate and extent of ventricular relaxation. 22 We evaluated the rate of LV relaxation by using the time course of the fall of LV pressure before mitral valve opening. Because the rate of LV filling increased with exercise, it is possible that the increased rate of LV isovolumic pressure fall that we observed during exercise would not have continued after LV filling began unless aided by other factors. Thus, potential mechanisms, in addition to more rapid relaxation and enhanced elastic recoil during exercise, should also be considered to explain the lower early diastolic pressures we observed during exercise. Other factors that might potentially contribute to the downward shift of the early diastolic portion of the LV pressure-volume loop with exercise include changes in pleural pressure, alterations in the coronary vasculature, or LV viscoelastic properties. During exercise, phasic intrathoracic pressure may be altered, but the mean intrathoracic pressure is not. 20 We averaged our data from a 15-second period that spanned multiple respiratory cycles. Thus, the fall in early diastolic pressure we observed during exercise was not due to changes in phasic intrathoracic pressure. Aortic pressure and coronary blood flow are increased during exercise. This may increase the vascular turgor of the myocardium, altering LV diastolic distensibility and the rate of relaxation.202132-34 However, this effect would be expected to increase LV diastolic pressure, not decrease the pressure as we observed during exercise. Thus, we do not believe that coronary turgor was responsible for the fall in early LV diastolic pressure during exercise. Finally, like most biological materials, the myocardium is viscoelastic, and dV/dt is a determinant of instantaneous LV diastolic pressure. Because dV/dt increased during exercise, this property may be more important during exercise. However, recent data from Nikolic et a135 indicate that the magnitude of the viscoelastic properties may not be We also in ing the maxin Mean LA pressure as well as mitral valve opening and peak a wave LA pressures were unchanged during exercise. Although the duration of diastole decreased --X;^during exercise, the peak mitral valve gradient occurred before the a wave produced by LA contraction REST in all animals. Thus, neither an increased LA pressure nor more vigorous atrial contraction contributed to the increased mitral valve pressure gradient and resulting increase in dV/dt,,,, that occurred during exercise. Furthermore, the amount of LV filling that - 4 sonically measured endocardial diameters to calculate LV volume. This technique has been extensively validated in past studies and accurately reflects relative LV volume under a wide variety of normal and pathological conditions.14,17-20 We have further evaluated the effect of shape changes by assessing the constancy of calculated LV volume during isovolumic relaxation when actual LV volume is constant but LV shape changes. Because LV volume calculated by our method changes by only 1.6±0.4% during this period, it appears that this method is insensitive to changes in LV shape.14'16 Although providing a consistent measure of relative LV volume, this method may not precisely measure absolute LV volume. Furthermore, the instrumentation may produce some depression of LV performance. These factors may account for the relatively low ejection fraction we observed at rest, consistent with values previously reported by Rankin et a136 and Miyazaki et a120 in conscious, instrumented dogs. The accurate measurement of dV/dt requires a higher frequency content than volumes at single points in the cardiac cycle.37 Our use of three LV dimensions should be accurate enough to detect large changes in dV/dtmax as occurred in this study, but more detailed evaluation of the dV/dt signal may not be as accurate. All the studies were performed after the pericardium was opened, which was required for the instrumentation. The pericardium exerts a restraining effect on the volume of the left ventricle and on the total cardiac volume38-41 in addition to augmenting diastolic ventricular interdependence.38'39'42 Although the constraining effect of the pericardium produces an upward shift of the LV pressure-volume curve under the conditions of acute cardiac dilatation, there is a minimal effect at normal diastolic pressures as recorded in our study. 43, 44 Furthermore, Hoit et a145 recently demonstrated that at matched LV end-diastolic volumes, pericardiectomy does not alter the pattern of LV filling. An intact pericardium might have also altered LA compliance during exercise.
Three other methodological points should be considered. First, the use of a simple exponential to characterize the time course of the fall of LV pressure is an approximation since isovolumic LV pressure does not decay exactly exponentially. 8, 46 However, the calculation of the exponential time constant, T, based on the assumption of monoexponential decay, is a reasonable approximation to characterize the time course of pressure fall. 21 Second, we found that fl-blockade did not completely prevent an increase in heart rate during exercise. This is consistent with some previous observations.47-49 Finally, we measured LV pressure at the apex. Because there are intraventricular pressure gradients during diastole,10 the mitral valve pressure gradient we measured might have been less if we had measured LV pressure just below the mitral valve. However, relative changes in the mitral valve gradient should be accurate.
In conclusion, during exercise, sympathetic stimulation and tachycardia produce a downward shift of the early diastolic portion of the LV pressurevolume loop. This fall in early diastolic LV pressure augments the early diastolic mitral valve gradient without an increase in LA pressure. This produces more rapid mitral valve flow in early diastole, which maintains LV filling, despite the shortening of diastole during exercise.
